AllP

Publishing

\J

| This manuscript was accepted by Phys. Plasmas. Click here to see the version of record.

Collisional considerations in axial-collection plasma mass filters

Collisional considerations in axial-collection plasma mass

filters
I. E. Ochs,2 R. Gueroult,® N. J. Fisch,»'2 and S. J. Zweben!2

Y Department of Astrophysical Sciences, Princeton University, Princeton,

New Jersey 08540
2 Princeton Plasma Physics Laboratory, Princeton, New Jersey 08%
3) Laboratoire Plasma et Conversion d’Energie, CNRS, INPT, UPS," 31

France 3
(Dated: 6 March 2017)

The chemical inhomogeneity of nuclear waste makes chemical sepatations difficult,
while the correlation between radioactivity and n e?a?)mas nakes mass-based
separation, and in particular plasma-based separatien &.a&ractive alternative.
Here, we examine a particular class of plasma 5. namely filters in which
(a) species of different mass are collected along magneticfield lines at opposite
ends of an open-field-line plasma device, and ( vro-drift effects are important
to the separation process. Using an idealiZed cylindrieal model, we derive a set of
dimensionless parameters which provide mminiti cessary conditions for effective
mass filter function in the presence of iom-ion and.don-neutral collisions. Through
simulations of constant-density profile, turbulence-free devices, we find that these
parameters accurately describe mass filter performance in more general magnetic

t

g

2 Toulouse,

geometries. We then use these parameters to inform on the design and upgrade
of current experiments, as wel SW general scalings for the throughput of
production mass filters. Importanthy, we find that ion temperatures above 3 eV and

magnetic fields above 104 nﬁjz}re itical to ensure feasible mass filter function
of 1043 cm

when operating at ion d<iti '
I. INTRODUCTION \\

Nuclear waste remediation and spent nuclear fuel reprocessing involve the separation of
unburnt nuclear fuelfhighly radioactive waste, and low-activity waste. They are processes
made difficult by the extreme heterogeneity of the waste material, since chemical separations
are highly speci owever, the category of waste, in particular its radioactivity,
tends to dependl heayily on' element mass. Heavier elements (mass number p > 80 amu),
such as Zirc%gﬂ n, Str

tium, and Cesium, are far more radioactive than the light elements,
such as O enMnum, Sodium, and Iron, which often form the bulk of the waste mass?.
S}he longest-lived elements are the transuranics (g > 235 amu), which can be
info shorter-lived elements once separated?. Thus physical separation methods,
iate elements based on atomic mass, are potentially attractive.
h clags’of physical separation methods is the plasma mass filter (PMF), in which
is first ionized, and then separated using a combination of magnetic and electric
ch*devices have thus far proven extremely useful for separating small quantities
s differing very slightly in mass. For instance, the calutron® was used extensively
ation of U-235 from U-238, both during the Manhattan project and later in the
pro%uction of fissionable material for power plants. Mass-dependent differences in the ion
cyclotron resonance have also been exploited more recently for isotope separation?.
n contrast to isotope separation, nuclear waste reprocessing requires high-throughput
%paration of elements with very large mass differences. The crudeness of this separation
serves two purposes, both reducing proliferation risk and making higher throughput ther-
modynamically possible. Unfortunately, the technology for such bulk separation has lagged
far behind that necessary for the creation of nuclear waste, and an experiment which suc-
cessfully demonstrates high-throughput separation has yet to be built.
Nevertheless, several PMF concepts have been proposed to tackle the waste reprocessing
problem. In most of these proposed PMF designs, the electric field is imposed radially,
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(¢) MCMF Filter T~

FIG. 1. Schematics of the three plasma mass filter conceptsjall of which involve a radial electric
field and axial magnetic field. (a) In the band-gap iomumassufilteroncept®, heavy ions lie on
unconfined radial orbits, and thus exit radially, while light jons remain confined and exit axially.
(b) In the double well filter concept?, heavy ions are,co utilocalized off-axis, while light ions
remain on-axis; thus both species exit axially. Howe this comncept relies on the ability to finely
control the shape of the radial potential profile. ( 1agnetic centrifugal mass filter (MCMF)
concept'®, the coils are configured to provide t at large radius. The magnetic field
re. The mirror throat is shown on the

illustrated in Fig. 5). Since heavy parti centrifugal force more strongly than the mirror
force (and vice-versa for the light particles),“heavy particles tend to exit along field lines at large
radius, while light particles exit al ifies at low radius. Figure reproduced with permission
from J. Hazardous Materials, 297, )!. Copyright 2015 Elsevier.

resulting in an E x B rotation a
of the separation vary significantly between designs.
view several leading PMF concepts, discussing the strengths

of near-term expermental feasibility and high-throughput separation potential. Then, in

Section III, ill r
Filter eXp, rimaen%ﬂ\/[f‘ ) at the Princeton Plasma Physics Laboratory. In particular, we
will outlifie the steps necessary to convert the existing device, a standard helicon-generated
i 18, to MCMF geometry. This discussion will motivate the core purpose of the
te, via simple dimensionless parameters, a set of minimum conditions that
ake experimentally-observable mass separation feasible.
llyi we examine whether collisional diffusion is likely to force heavy minority ions
separating region of the device before separation can take place. Although this

ditioﬁdoes not guarantee successful separation, it would be ill-advised to design a device
id not meet this minimal criterium.

1izevious simulation-based studies of MCMF feasibility?® have focused on specific pa-
ameéter sets, at ion temperatures that may be well above the electron temperature range
in which PMFs will likely be forced to operate due to line radiation, and particularly at

“ion temperatures well above the ~ 1 eV ion temperatures typical of laboratory-scale linear

devices®” thus the ion-ion collisionality in these studies was far lower than those accessible
to potential near-term experiments. In this paper, we extend these studies to a broader
parameter regime by developing a set of dimensionless parameters 7 which should be greater
than one to ensure proper PMF function.

We then compare our analytical results to single-particle simulations, both for a highly-
idealized PMF configuration, and for a more realistic PMF configuration. We use a nonlinear
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fourth-order Runge-Kutta particle pusher!!, a (modified) Langevin collision model'? for ion-
ion collisions, and a Monte Carlo COM scattering model'? for neutral collisions. Due to
the lack of density profile data for the as-yet-unfinished experimental MCMF, we assume
constant density profiles for both ions and neutrals.

We then use these parameters to inform the upgrade design for the Plasma Mass Filter
eXperiment (PMFX), identifying minimum necessary conditions for anfoperating regime
in which observable separation can feasibly occur'. Although the inyfocus is on the
MCMF, the applicability of each parameter to the alternative PMF ceptstig discussed.

Although such an idealized model of collision-induced diffusion cannot capture all effects
which might confound mass filter function, and thus not be su%o guarantee mass
ure

filter function, it should provide a set of necessary constraints-to e possibility of
experimental success. ‘)

—
Il. REVIEW OF PLASMA MASS FILTER CONCEPTS_ 5

The first PMF concept to receive large-scale futerest and/funding was the DC band-gap
plasma mass filter®, the basis for the Archimedes nuelear ‘waste separator!®. In this concept,

the field configuration results in radially confi orbit§ for light ions, but unconfined orbits
for heavy ions. Thus heavy species can be{Kdi collected and later scraped off, while
light species exit axially (Figure 1a).

The radial collection of the heavy Spec1m1c to the band-gap filter makes steady-
state staging difficult, since the devi st have a collection and reionization cycle in order
to reprocess the radially collected product. In addition, radial collection necessarily coats
large areas of the device with radi ive nuclear material, which can be undesirable.

cti
To address these difficulties seNe igns have emerged which aim to collect both
species axially, at opposite e e device. In the double well mass filter concept?, a
carefully-tailored, quartic radial petential profile

\ ®(r) = Cr* — Dr? (1)

7é.g. v end electrodes. A fluid of ions, however, will respond to the
ctric potential ®*(r) in their (mass-dependently) E x B-rotating rest
frame. For certaim choices of the constants C' and D, ®*(r) will have an on-axis minimum
for light iénsywand anoff-axis (but still confined) minimum for heavy ions. Thus light ions
remain, Ongaxig, while heavy ions congregate in the potential well off-axis (Figure 1b).

—~

is somehow impo
Lorentz-transforme

7, such a detailed radial profiles have thus far proven difficult to reliably
il high-density helicon plasmas'®. While the overall magnitude of the potential
S of/ V/em) and its rough shape have been varied with some success in low-
n plasmas,!” ™ ECR discharges,???! hot cathode discharges,?? and mirror
%24 the finely-tuned quartically-shaped profiles necessary for double well filter

““functien have yet to be reliably produced.

\J

Izthe third design, the magnetic centrifugal mass filter'® (MCMF), magnetic field lines

arearranged so that an ion can either exit on-axis in a region of weak magnetic field, or
far off-axis in a region of strong magnetic field (Figure 1c¢). This design requires the field

“Tines to pinch at large radius, which can be seen on the left of the figure, where the plasma
narrows (a more detailed look at the MCMF field line geometry will occur later; see Figure
5). The centrifugal force from the rotation of the plasma will thus tend to force heavy ions
outward, while light ions will be repelled by the mirror force and tend to exit on-axis. The
MCMF is less sensitive to the specifics of the radial potential profile than the double well
filter, while also allowing for axial collection of both species (in contrast to the band gap
filter). Thus the MCMF is a promising configuration for near-term experiments.


http://dx.doi.org/10.1063/1.4978949

AllP

Publishing

<

| This manuscript was accepted by Phys. Plasmas. Click here to see the version of record.

Collisional considerations in axial-collection plasma mass filters 4

I1l. THE PLASMA MASS FILTER EXPERIMENT (PMFX)

In its current state, PMFX!* consists of an RF-generated linear plasma with an on-axis
field operating range from 580 to 950 G, and a small secondary chamber that can be fitted
with either a high-speed camera or a concentric ring of biasing electrodes. In a typical
discharge, the plasma radius is about 5 ¢cm, with a density profile that#is peaked on axis
at 5 mTorr (n, ~ 2 x 10* ecm™3) and hollow at 3 mTorr. It is im rhl\t‘to%note that

PMFX does not currently have an MCMF geometry; experimental k up“to this point
has been focused on establishing the degree of plasma rotation, and4ontrolling this rotation
via the end electrodes. This work has shown that the end electrodes cam exert some control

conditions over which this control is possible, as well as t
fields, have yet to be thoroughly established.

and the addition of a third coil at the far end of the
simplicity, we assume the device (which we denote

device) would retain its basic plasma parameters, Which are notated in Table I and listed
in the first column of Table II. This paper will ®xamine the'feasibility of such an upgrade,

specifically, in whether collisional effects will bre thé“separative effect of the MCMF.
Thus, throughout the paper, we will comg#\his minor modification scenario (PMFX*)
U a

with two other engineering scenarios (PM
which are listed in Table II.

FX-LD); the parameters for all of

IV. TYPES OF COLLISIONS \ -~
Some level of collisionalit
quires particles to scatter int

is DGN or the MCMF to function, since separation re-
TN.\CO e. However, too much collisionality can break the
device in one of two ways.
First, when the collision frequeney becomes higher than the gyrofrequency, gyro-drift
motion breaks down.{Since the MCMF relies on the gyrokinetic response of the plasma to
a mirror field, the NI willjthus cease to adequately function.

Second, even iffgyro-driftanbtion is satisfied, collisions can cause ions to diffuse out of the
separation regién endieular to the magnetic field before they can be extracted along
field lines. F{ gg

ecycling species, this would at a minimum reduce the rate and efficiency of
ion separatio ‘(§~d\de§a ly; for a non-recycling species, it would be disastrous.

In thi ‘?n, we'provide approximate expressions for ion-ion and ion-neutral collision
rates, sincethése are the most important types of collisions driving transport in multi-species
plasmias. Subsequent sections then use these estimates to derive dimensionless parameters

sume e ion temperature is constant and isotropic throughout the devices modeled.
his is asimplifying (and somewhat unrealistic) assumption, since the ion temperature and
1 isotropy in helicon plasmas may vary substantially from place to place in the device.

““Ho 1, since we do not yet know what the temperature and isotropy will be in the device,

such an idealized model should still be useful in providing a zeroth-order analytical picture
of ioh behavior.

lon-ion collisions

Mass separation often involves the removal of a heavy minority species from a light
majority species. Thus, in contrast to the theory of classical transport in single-ion-species
plasmas, ion-ion collisions will be important when considering the motion of the minority
species, since the conservation of gyrocenters during a collision will no longer imply a lack
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Description

subscript: heavy minority ion
subscript: light majority ion
subscript: electron

subscript: neutral atom

density (cm™?)
velocity (cm/s) /

temperature (eV)
mass (a.m.u.)
magnetic field (Gauss) 3

system length scale (cm)
Coulomb logarithm (~ 8)

SNIE NS 33 0 s -

TABLE I. Variable and subscript defi tion§
'M\

£~
PMFX* |PMFX-U MIFX-LQ
(em™3) 107 107 % 10™)
(cm—S) 1014 111"

(@) 950| 15,0007 »)2500
(V/em) 2 5 5
; (a.ncl.u.) 0 \ )

[SSRSVECIRS

' () o] 40 40
% (e\./). ’ g\% 1
T. (eV) 5 \ 5
Ly (cm) K@\zxo 40
L, (cm) . - 12 12

N
TABLE II. Typical operating par 1eter§aﬁninor upgrade to the current plasma mass filter
experiment'* (PMFX*) and two potential latger upgrades (PMFX-U and PMFX-LD). PMFX-U is
designed to operate at similar ensit?&{n X*, whereas PMFX-LD is designed to have similar
magnetic fields and ion tempe tYmuch lower densities. The ratio n;/n; of the heavy to light
ions is assumed to be small (< 10 lectric field has been raised in PMFX-U and PMFX-LD
to compensate somewhat_for the re ion in £ X B velocity from the larger magnetic field, but

remains well within th éﬂﬁnitudes observed in the experimental literature.

of net transpoft. Since eafly-phase experiments are likely to use noble gases in place of
radioactive waste, we ‘epnsider the case of Krypton (atomic mass p; ~ 80 a.m.u.) in a
backgrou I%NArgon (atomic mass p; ~ 40 a.m.u.).

‘%ns i with velocities in the thermal range, the scattering rate off light back-
iis well-approximated by the low-velocity NRL Formulary formula:

Vii =Vt =23 X% 10_7nj)\u;/2ui_lTi_3/2. (2)
atures of Coulomb collisions is the strong inverse scaling (v;; Ti_?’/ 2) with
eratiire. Thus in PMFX*, where on average T; = 1 eV, v;; = 1.5 x 10% s~!, while
nd 5 times smaller in PMFX-U at T; = 3 eV, and around 30 times smaller in
PM‘;X-LD.

S 2. lon-neutral collisions

In the low-temperature limit (7; < 3 eV) typical of helicon plasmas, the ion-neutral
collision frequency is approximately independent of velocity. The frequency of a “capture”
orbit, in which a random rotation occurs in the ion-neutral COM frame, is given by2°

Py, =n, Ky, (3)
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where
a2
K =899 x 101° (R> cm?® /s, (4)
KR

ag is the relative polarizability of the atom (11 for Argon), and pg is t reduced mass of
the two colliding species. This collision frequency results from the well wlanzamon
, bécause

cross section.”
It is important to note that P;, is not directly comparable to &;; he former

represents the frequency of COM scattering events, while the lagter sents the rate of
velocity-space diffusion. To compare them, we should consider th uantigy
(5)

Vin = P min (1, i/ p13)
since this accounts for the number of collisions it will OQZie e to scatter the ion in

=

velocity space.

The collision frequency ratio is thus given by (¢ < i)

Vig

Q() (6

1/2
— 2.6 x 10%xaj;"/ (

Vin i +
Thus, as long as ‘\\
\

260A\a;,/?, (7)

which will generally be the case thehigh-ionization-fraction (n;/n, > 10%), low tem-
perature (T; < 3 eV) plasmag we N ted in, diffusion due to ion-ion collisions will be
much greater than that due Wr 1 collisions. For instance, in PMFX* and PMFX-
U, vin = 2.9 x10* s71, and so the_collision frequency ratios are 0.019 and 0.10 respectively.
In PMFX-LD, we also have v;, = x 10%, which is on the same order but still less than
the ion-ion collision frequeney.

Nevertheless, ionsneutzal collisions will be of interest to us, because the bulk flow caused
by the plasma rofation c i the limit of low enough plasma-gas momentum coupling)
lead to a large a¢ i\g1 flow; velocity between the ion and neutral populations. This leads
to advective f/ather Iglffuswe

) transport in the plasma, which will dominate at large
perpendicular length scales.

The difference between the advective effect of collisions with neutrals and the diffusive
isions with ions can be seen in the simulations shown in Figure 2. Krypton
were initialized at 7 = 15 cm, in the presence of a radial F field of 3 V/cm
1d axial Bufield of 10* G. They then experlenced collisions Wlth an F x B rotating
1d offArgon ions (40 amu), with a density of 3 x 10'2 cm™3 and a temperature
hed lines). Half of the simulations (solid lines) also included collisions with
statlon ry background of neutral Argon atoms at n, = 3 x 10'3. The simulation was
out for both an outwardly-directed (blue) and inwardly-directed (red) electric field.
Althiough the presence of neutrals has little effect on the diffusive motion (i.e. the standard
dev&tlon of particle positions), it can have a large effect on the mean particle position,

\ ing the ions to lower electrical potential.
S

V. GYROCENTER MOTION

Some plasma mass filter designs rely on gyrocenter drift effects, such as the mirror force.
If the collision frequency is too high, the gyrocenter motion will be destroyed—in particular,
the mirror force disappears in a sufficiently collisional (isotropic-pressure) plasma2°.
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For ions to undergo gyrorotation, we must have

gl/n‘ <, (8)

where v;; is the scattering rate off background ions, and £2; is the cyclotron frequency. Here
the factor of 2/3 arises from considering only diffusion perpendicular to{Ze magnetic field.

7 T T ,
6L a
/-\5_
=3l P
a3 -&g 7
(DQ_ — - %,nn:() 4
E'¢—#, n, =3 x 10" cm™3
1 4 x 7, n, =3x10% cm™3 |
O 1 . \l\- 1

0 5 T 15 20
fi

A .
5 10 15 20
5 time (ms)

FIGJ 2. Evolution (average of 50 simulations per line) of (a) standard deviation and (b) mean

rticle radial position as a function of time in a cylindrical, £ X B rotating plasma with a
S tationary, cold neutral background. Dashed lines indicate n,, = 0, solid lines n,, = 3 x 10*® cm~3.
lue lines indicate E, = 3 V/cm, red lines E, = —3 V/cm. Remaining shared parameters are

T;=1eV, B=1x10* G, p; = 80, uj = 40, n. = 3x10'? ecm~3. Diffusion due to neutrals is weak,
as can be seen from the minimal impact they make on the standard deviation. Nevertheless, the
advective motion caused by ion-neutral collisions results in biased particle motion in the direction
of lower electrical potential energy, as can be seen in the graph of average position over time. Thus
over a length scale of L | < 2 cm, the ion-ion diffusion will dominate, while on a length scale L, 2 8
cm, ion-neutral advection will dominate.
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The gyrofrequency is given by
Q; =9.6 x 10°u; ' B. (9)

Thus, the quantity 7a; = €;/v;; must be greater than one. Combining our formulae for
Q; and v;;, we thus have:

i
™ = 5—1 = 6.2 x 10°BT; 2 A1 20T \ (10)

Vii

For the PMFX*  we have 73y = 0.12, so we should not expeat to ‘seé gyro-center drift
id plasma model will

motion. Thus only filtering processes which work when assuming a
likely be observed on the current device. On PMFX-U and P L.D,4n contrast, we have
Ty = 12 and 73y = 10 respectively, meaning that ions un %d 0 gyro-rotations
before scattering significantly in velocity space. p—
VI. PARALLEL TRANSPORT TIMESCALES - b

-

Once we know that our plasma is undergoin, rocenter/drift motion, it is necessary to
ensure that the large majority of particles exit the plasma along field lines, before they are
forced out radially by collisional effects. usit,_is necessary to compare the timescales of
parallel vs perpendicular transport, the ﬁ}M e consider in this section.

For the following two sections, we c s&derﬁeﬁtextremely idealized model in Figure 3.
Thus we model the separation region as lindrical annulus of thickness L and length
Ly, with a constant magnetic field ‘griented dlgng 2 and a constant electric field along 7.
Such fields are consistent with those ced by concentric end electrodes in the limit of
large conductivity parallel and i conductivity perpendicular to the magnetic field.
The magnetic field for the idealiz delin Secs. VI and VII is assumed to pinch in an

extremely narrow region at ‘bﬂd&g)' at there is a localized mirror force confining ions
however, this only becomes impoxtant“when the collisionality is sufficiently low, which is not

) L"

FIG. 3. Relevant length scales and fields in idealized PMF model. Ions must remain confined in
an annular region of width L, within the blue cylinder and outside the green one while they exit
axially. The magnetic field is uniform, except in a narrow region on either end of the device where
it pinches sharply, resulting in mirror confinement. In this paper, we focus on the transport of the
minority heavy ions, which are more likely to be long-lived, radioactive isotopes. The constant E
field points radially, perpendicular to the axial constant B field.
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treated explicitly in these sections. These mirror fields are used to model the existence of
a more general loss cone, which arises from both the mirror force and the centrifugal force.
The full MCMF magnetic geometry including mirror effects and collisionality is simulated
in Sec. IX.

Collisional parallel transport of heavy minority ions in such a device separates naturally
into two main regimes. The first regime corresponds to low collisionality, where the collision
time v, 1 is much longer than the bounce time fhounce = Ly Jveni. In this case, just as in
fusion mirror transport,?” the typical confinement time will be the ti ‘:Nr into the
loss cone.

The second regime occurs when the bounce time is much longer t the collision time.
In this case, transport is largely diffusive, with the ion experiencing.a random walk due to
collisions.

DA
—_
A. Multi-bounce parallel transport 5
L

-

In the regime of extremely low collisionality, whére

(11)

the characteristic multi-bounce exit time i%{m\et scatter into the loss cone,?” i.e.
—1 6% 1y—1 —1/2 13/2
tis = vy = 4808 A P, (12)

thes MICMEF. If this were the parallel exit mech-
Dj«the parallel confinement times would be on
the order of 0.67, 3.6, and 23 m seconds respectively. However, because the mean free
path v, /vi; in each of thege devigessis much shorter than the parallel device scale Ly,
the particle will collide lon Ncompletes a transit of the device, invalidating the
loss-cone-scattering model.

Viitbounce 1,

This is the regime originally envisio
anism for PMFX*, PMFX-U, op PM

The fact that all
is no coinci . B
ities reguired to reliably produce a plasma, the plasma is likely to be highly
, making it difficult to access the multi-bounce regime in Eq. (11). Instead, the

minority species will diffuse out axially, with a diffusion coefficient given by
/ 302
Ve
Dy = thi 13
. / I 21/“' ’ ( )

ere the factor of three arises because v;; is a 3-dimensional velocity diffusion rate, whereas

" “the lel collision rate is one-dimensional. Thus the confinement time is given by

5 (Ly/2)? %

tip=—7— = (14)
\ ~ Dy 6

_ 1/2,7—5/2
= 4.0 x 1070 L3 )/ *1, 7, (15)

For PMFX* parameters, t|p is approximately 32 ms, while for PMFX-U it is 2.1 ms, due
to the higher T;. These timescales are a factor of 10° and 103 higher, respectively, than the
multi-bounce estimates predict. PMFX-LD is by far the closest to the multi-bounce regime,
but still has ¢ p = 0.97 ms, a factor of 40 greater than the multi-bounce prediction.
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C. Implications for throughput

The parallel throughput R, absent radial losses, is given approximately by
S —
i
where here n; refers to the density of ions of all species present, a is t atlo of the
separating volume (i.e. the volume between the green and blue c§linders in Fig. to a

cylinder of radius L, and length L. For instance, for the annulag re 1L 1 <r < L 1,
C=2.
We can write this rate in our two different regimes: ')

WCLQLLHHZZ/“ if v,
2
ﬂCLiLHniy;il (Gthth) if vy H/Uthz > 1.

?;
ey
A
H

R— (17)

Notice that because v;;  n;, the throughput rat&@thjlass filter does not increase
with density if yiiLH/vthi > 1, i.e. if it is no ger 1& e multi-bounce regime. Up to
that point, however, it increases with n?.

The theoretical optimal scale of the devi W en by operating at the boundary of
the multi-bounce regime: \

o= P (18)

Since 73, is unlikely to be much greater O(10) for the accessible temperatures, densities,

S ractically small device; for instance, on PMFX-
U, it would be around 1 cmy ThuS,in“practice we are likely to be in the diffusive parallel
transport regime, on which We of the paper will focus.

VIl. RADIAL TRANSPORT TIMESCALES

Now that we Have established the parallel (axial) transport timescales, we turn our at-
tention to radial transpor timescales. We will be primarily concerned with the effects
of ion-ion and 1 collisions, neglecting turbulent effects beyond a simple estimate
of Bohm iﬂu)iion. owever, these simple estimates will allow us to define dimensionless

o

paramet€rs 7 which will straightforwardly constrain the parameter space for feasible mass
. Note that the analysis throughout this section relies on the assumption
7 < 1, the motion is simply mean-free-path scale diffusion.

ffusive transport

considering the trajectory of a minority ion traversing the mass filter, collisions with
maj llty ions will lead to much greater velocity-space dlffuswn than collisions with electrons.

typical time step will then be the collision time 1/“ , and the typical step size the gyro-
q‘adlus

pi = 1.0 x 10%u}2T} /> B 1. (19)
The diffusion coeffient (in cm?/s) is then given by

1
Dij = 5ptvi =12 x 107 ST

2B, (20)
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The Coulomb confinement time is then given by

te ~ (L1/2)%/D ~ 2.2 x 10°A7 B2 L3a®T,} 2 o0t (21)

We can normalize our Coulomb confinement time to our PMF parallel confinement time,

giving
L\’ /
7o =54 x 10*' B> TP A7 'n 2 <ﬁ> : (22)
(3

The previous analysis only applies when 7y > 1. When 7yp< 1j%we simply have a
collisional diffusion process, and so the ratio of the perpendicular a arallel confinement

~

times is simply the ratio of the square of the distances. ﬁ)
Putting this all together, and rewriting equation (22) in terms‘of“Fg, we thus have:
_—
2
(%) if a1 5
I - (23)

Te = 2
1.4 (%) 2 @M%

For PMF operation with minimal radial losses, w
becomes greater, this becomes much easier, siace 7.

have 7. = 12, and on PMFX-LD, 7. = 10. \
B. lon-neutral advective transport \\

If there is relative bulk flow bdtween the 1(& and neutrals, there will be a net momentum
transport that will lead to an F' rifty, which will tend to push the ions out radially.

To get a simple estimate radial drift velocity, we assume that the neutrals are cold
and at rest in the lab frame. ‘tm events then occur at the rate given by Eq. (3), and
each of these on average transfers‘momentum Ap = mpurvEx B, where

cE FE
‘\ VExB = st = 108§, (24)

where the sec {ality switches from the Gaussian unit of statvolts/cm (and hence
subscripted to th '10é common experimental unit of volts/cm. So the net force is

ill neéd 7. > 1. As magnetization 7
les with the 73;. On PMFX-U, we

5 = Py Ap =8.99 x 107%m,, (agpr) " nnvexs. (25)

This Jéads towa radial drift with magnitude

4

Fne —_ —
- 4 Vpin = % = 9.4 x 107 °Eay*uy{*n, B2, (26)

dire}ion of the drift always leads to lower electrical potential energy. To see this result,
consider-that the direction of the neutral flow in the gyrocenter rest frame points towards
— B. Thus the drift points in the direction sgn(q)(—E x B) x B = sgn(q)E .
ce we have the drift velocity, the confinement time is given by
\ S _ LL/Q

tn =53 x10*L  E~ oy P uy 0yt B (27)

’U’I"TL

Normalizing by the PMF time:

B2T"/? L,

Ea /22,12

= 1.3 x 10* 7
R MR Hj Tjnn |
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Again, we can write this in terms of 7;:

2
(%) if Tar < 1.
Th = I Al . N (29)

expect motion due to ion-neutral collisions to be dominant. The ratio.of thedon-neutral to

This, however, is not the most enlightening result. We would like to kgf/}gliwe should

ion-ion confinement times is 3
Aut/? .

w2 (1) ()

LN VT S E— . A b (30)

. Ea}%/2u}%/2n1/2 L, n
We can rewrite this in terms of the relative magnitudes of i —iwn—neu‘cral collisions
using equation (6): —

1/2
(%3 T 1
T _gax0-12i M T NN (31)

c Vin Eal/ .].(2
Now if the radial electric field arises from a sheath ential at the plasma edge, we have

(32)

Thus, even if the ion-ion collision frequen r of 5 or 10 higher than the ion-neutral
colhslon frequency, the high relativ ctro emperature in helicon plasmas (where T, is
typically on the order of 5 V) makes ign- u.ka collisions likely to contribute substantially
to transport.

On PMFX-U, where we assum \ ratively large electric field of 5 V/cm, 7, = 8.1.
On PMFX-LD, with a smal rvwag\tl eld, 7, = 4.8

The overall co neme ih is given approximately by

1 tip
1/t||D+1/t +1/tn 1+Tc_1+7'n_1

When Mers the multi-bounce regime, we expect the confinement time to
scale as co ision timescale

teont MB = Iin (1/” Y 1/1711) . (34)

onf

(33)

Sltlo between these two regimes can be observed in the full MCMF simulations,

HTCh pr higher temperatures, as discussed below. Most prlor 5 studies worked in the

mpera re range T; > 10 eV and density range n; < 3 x 10'2 ecm ™2, on the edge or in the
i- bo nce regime.

q
5 Description | Section
7v | Gyrocenter drift condition Vv
S ~ T |Coulomb (ion-ion) collisions| VIIA
Tn Ton-neutral collisions| VIIB
B Bohm diffusion| VIID

TABLE III. Summary of 7 parameters. Effective PMF operation requires all 7’s be greater than
1. The latter three 7’s are ratios of perpendicular to parallel confinement times, whereas 7oy > 1
ensures gyrocenter drift motion.
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PMFX*| PMFX-U[PMFX-LD
veni (em/s) | 1.1 x 10°] 1.9 x 10°] 1.1 x 10°
tpp (8) 3.2x1072|2.1 x 1073 9.7 x 107*
p; (cm) 0.94 0.10 0.36
vexp (cm/s)| 2.1 x 10°| 3.3 x10*| 2.0 x 10°
(s 1.1 x 10°| 1.8 x 10°] 3.0 x 10°
vii (571 1.5 x 105 2.8 x 10°| 4.4 x 10* /
Vin (s71) 2.9 x 10*| 2.9 x 10*| 2.9 x 10* \
T 0.12 9.6 10
Te 4.0 x 1072 12 14 5
Tn “ v 8.1 8
TB 1.5 x 1072 8.3 &

-

TABLE IV. Calculated collision frequencies, T parameters, and af oc@d%tam quantities for
PMFX* PMFX-U, and PMFX-LD. -~

—_—

)

A detailed study of the possible effects of turbulence CE;PMF operation is outside of the
scope of this paper, but we will review the mosg basic turbulence model to get a rough sense
of turbulence-induced transport.

The Bohm diffusion coeflicient, empiri alﬁ\ove d and believed to arise from randomly
fluctuating electric fields, is given by \S’
1

Dp = ‘257 ) LB~ cm?/s. (35)
This will result in a turbulent co ment time
2) —872 -1
tp =4.0x10"°L{ BT.". (36)
Dp

Normalizing by the paralle

D. Bohm diffusion

nfinement time, this becomes

5/2
BT*L% |
)\M}/QTE’N,J‘LZ

£
/ y. [
Or, in terms of Thm
t@\ T; L,

5 = 1.0 x 102

5 =16 (:?) (L—”)2TM. (38)

£

Iﬁ&%qisféominant as we go to higher and higher magnetizations, since it scales linearly

rather thamv quadratically) with 7p7, in contrast to the other diffusion coefficients. On
FX—VS we have 75 = 8.3, and on PMFX-LD, we have 75 = 3.0.

eanings of the different 7’s are reviewed in table III. Table IV shows values of 7
ancheveral associated parameters for PMFX*, PMFX-U, and PMFX-LD.

S E. Comparison to Simulations in an ldeal Geometry

To test our T parameters, we performed single-particle simulations for an annular plasma
similar to that shown in Figure 3, but without end mirror fields. For the purpose of the
simulations, we took the inner radius of the annulus to be L /2. Particles were initialized
with a random, isotropically-distributed thermal velocity in the rotating frame, at (r,z) =
(L1,0). They were considered radially lost if they reached |r — L, | > L, /2, and axially
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lost if they reached |z — 0] > L; /2. We used a nonlinear fourth-order Runge-Kutta particle
pusher!! to advance the Lorentz force. For ion-ion collisions, we employed a Langevin
collision model*? for ion-ion collisions. We had to modify this model (originally formulated
for electron-ion collisions) to asymptotically match the formulary collision frequencies and to
conserve momentum-—this required replacing the background ion mass with the reduced mass
in the Maxwellian. Finally, we implemented a Monte Carlo COM bcat ring model'? for
neutral collisions. We fit the constants in the ion-neutral scattermg mod xperlmentally—
obtained ion-neutral collision frequency, given approximately by:2

P, = nyu; (18 1437.7¢; 1/2 % 10716 (39)

where v; is the particle velocity and e; its energy.

Figure 4a shows the results of simulations across a wide ) N, and Np. At
min(7., 7,) > 1, almost all particles exit the device axia y,.qvhl for min TC,Tn < 1, large
numbers of radlal exits occur, as expected. Thus, at least in the absence of tubulence, Te
and 7, provide a sensible lower bound on the parameter sange for mass filter function.

Meanwhile, figure 4b shows the comparison between the predicted (Eq. 33) and simulated
diffusive confinement time. Because the plasma in these simjlations is firmly in the diffusive
parallel transport regime, the agreement is fairlysgoo

VIIl. SPECIAL-CASE - MODIFICATIONS ‘\\
\

In certain cases, particularly at high temperatures, some of our assumptions can break
down. However, most of the resulti rs cam be easﬂy corrected, as we now discuss.

.~
A. Neutral-collision dominance at \1\‘{

At high temperatures, the i meq ity 7) may not hold, meaning that neutral collisions will
be dominant in deter e parallel transport tlmescale t). Thus we should multiply
the parallel conﬁne% |D by a factor of vy, /vy

1/213/2
N, o T
t -t pm 1, 2B 1 40
I = *Ip aX( n; 260\ ) (40)

mperatures

This wou, ﬂvmmply both 7. and 7, by a factor of v;;/v,. Thus

. n; 260\
Te — Te Min (1, #71/2 3/2> (41)

£
= V.
his correction will be significant below, when we consider parameter ranges similar to
evioussvork on MCMF’s, which assumed very high ion temperature.

B. Son—neutral correction at high ion temperatures

\ I T; becomes large (as we will soon define), then the polarization scattering calcula-

tion will underestimate the ion-neutral collision frequency, since the collision cross section
asymptotically approaches a value 0y, min ~ 2% 1071° cm? > 0. Thus the high-temperature
ion-neutral collision frequency becomes

1/2
rT;
Pin,hT = Oin,minVthiTln = 1.1x 10150in,min (lu l) Pin: (42)
QR
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FIG. 4. (a) Dependence of axia Md to radial) exit percentage on normalized perpendicular
transport timescales 7. and 7,, forsgeveral sets of parameters. (b) Comparison of theoretically

predicted (Eq. 33) and ement times. All simulations share L = 30 cm, T. = 5
eV, p; = 80, u; = 40 2 V/cm. Simulations vary T; (0.5, 1, and 2 eV), n. (1 x 10'%
3 x 10'%, and 1 x 10 (1 x 10" and 2 x 10* ecm™®), B (1 x 10, 3 x 10%, and 1 x 10*
G), and L, (3, 104and . Percentages are based on 50 trials per parameter set. Only a few

parameter set; T4 1 e anage to avoid massive numbers of radial exits; those which do
correspond tozgrame set/ at the lowest ion and neutral densities.

Thus, w n@%or on the RHS of the above equation becomes much greater than one—
il cur at hlgh temperatures—we will need to sw1tch to the hard—sphere scatterlng

Tp — Tp, Min (1, I/_VZZT> . (43)

whaete the collisionality ratio is defined in equation (42).
Note that this calculation in turn implies

1/2
T m
Vinnr = 1.1 x 100 min (“R ) aLiv (44)
QR Vig
1/2 2
. 2\ T
= 4.2 % 10201, 1min <ﬁ> <”—) Ty (45)
i n; A

We can thus now include the case where parallel transport is dominated by hard-sphere
(rather than polarization) scattering off neutrals. Thus the generalization of Eq. (41) to
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FIG. 5. Magnetic field configuration fro and Fisch?, optimized for separating lan-
thanides (~ 144 a.m.u.) from actinides;(~ 241%a.m.u.). Electric field is derived by taking stream-
lines (shown in black) as equipotentia ces. e injection point for ions in the simulation is
marked with a black x. 7 ~

hard-sphere neutral scatteri% e include a factor of v;; /vy 1 1S

e
-13 172
T a1, —= 12/2()):;/2’2.3X - Ail/Q it :
T ap T: Oin,min Mj ’ﬂnT2

(3

(46)

Applying Eq.’$(43)nd (46) corrects most overly optimistic predictions of the model.

V.

ratifig in the multi-bounce regime. If so, it is highly unlikely that radial exits will
i cant'/ since the collision time will also be the characteristic exit time, making

S .~ SIMULATIONS FOR PREVIOUSLY PROPOSED MCMF CONFIGURATION
~

Now that we have performed simulations in an idealized geometry, we can move on to a
more realistic plasma mass filter configuration. In this section, we make use of a magnetic
field configuration (Figure 5) previously studied? in numerical simulations and optimized
for separating lanthanides (~ 144 a.m.u.) from actinides (~ 241 a.m.u.), and test across a
range of ion and neutral densities and temperatures. The simulated magnetic field in that
work ranged from about B = 1.5 x 10* G at the center, to B ~ 5 x 10* G at the mirror,
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with E =~ 60 V/cm at the injection point, which we took to be at » = 38 cm, z = 35 cm
(marked with a black x in the figure) in agreement with the earlier study.

In performing the parameter sweep, we adjusted the electric field so that E o« /T
between parameter sets. This constraint ensured that the loss cones had the same shape
across each simulation, since the centrifugal energy Weeny scales as Weepnp v:fEx B X E?,
and we want Weeny ~ T;. As in the previous study, we considered pa?/éles initialized at
rest in the lab frame.

ameter sets which
; open circles, whereas

Results of simulations for this configuration are shown in Figure 6
are similar to those used in the original numerical study? are shown
other parameter sets are shown as filled circles. We found that #g repreduce the results of
the earlier paper in terms of separations at T; = 20 eV, we ha ce the electric
field by a factor of four, to F ~ 15 V/cm. Thus, consistentl$ 53ween arameter sets, we
maintained E =~ 15,/7;/20 V/cm at the injection point. ~—

The results for axial vs. radial exiting are largely cofiparable %@ those for the idealized
MCMF, except for the divergence at large T; and n,,, Where affailure to account for the
transition from ion- to neutral-dominated collisionE at high _temperatures results in overly

optimistic projections for 7. and 7,. This discrepancy can be seen by comparing the small
red diamonds, representing T; = 20 ions at large newtsal (nj > 10'°) densities, in the three
panels of Figure 6. Figure 6a applies the analysi Sectioh VII directly, while 6b-c apply

the corrections from Sections VIII A and VIIEB respeetively. In Figure 6a, some parameter
sets have a min(7.,7,) > 10, despite exp&% ' large numbers of radial exits, while in
¢

Figure 6b these values are corrected tosbe mue r to 1 in accordance with Eq. (41).
This correction accounts for the fact thatfle“axial exit time is determined by ion-neutral,
rather than ion-ion, collisions at high temperatures. When we additionally factor in the
hard-sphere scattering cross section 1 collisions at high temperatures (Eqgs. 43

and 46), we find that all paramefer set8ith Targe numbers of radial exits have min (7., 7,,)
less than 1, as desired. Thus it 1s 0
on

ant, especially in hot plasmas with high neutral

densities, to double check th e'ef the conditions in Section VIII apply before calculating
7. and 7, directly from Secti l%‘I‘l\
We also can observe the transition between diffusive and multi-bounce exit behavior in

Figure 7a-b. At low t O'Eﬁtsres, the exit time agrees well with the diffusive model, while

at high temperaturesthe multi-bounce exit time is a better predictor.

Finally, in Figufe 8, wetactually evaluate the separation for each parameter set, consid-
f bbth light and heavy particles (given that they exit axially) that exit

ouné,ry) side of the device. We can see that there is a temperature
s resulting from the modification of the electric field with temperature,
articles exiting at the heavy boundary as the temperature increases.

X ISéUSSION

\J

N))W that we have established several dimensionless parameters and confinement time
scalings, it is time to examine their implications for device design. In this section, we will
“Start by taking a second look at neutrals, examining the applicability regime of some of
our underlying assumptions in modeling them. Then, we will look at how the presence of
neutrals combines with other constraints to reduce the favorable scaling of the 7’s above
certain threshold ion temperatures, fundamentally limiting the operating regime of a real
device. We will then provide rough estimates for the throughput of a realistic mass filter,
defining favorable operating points for an initial proof-of-concept experiment, as well as a
prototype industrial separator.
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A. Neutral rotation profile

The advective transport calculation assumed that neutrals were on average at rest in the
lab frame. However, if the device is sufficiently large and the plasma sufficiently dense, the
ion-neutral momentum coupling can be strong in certain regions of the plasma, eliminating
the relative flow that gives rise to the advective effect. Thus the penetration distance of the

advective effect should be given approximately by \
Q.

prT AL
Ly = Amfp = Utnn/Kpnj = 1.1 x 100! (V” 4 (47)
ot

r

For room-temperature thermal (T;, = 0.026 eV) Argon ato c%ions ith Argon ions at
a density of n; = 10'® cm™3, we have L, = 4.3 cm ~ L, S adveeiiye effects should be
significant; and would be even more significant if the neutgalsaveretheated significantly above
room temperature. However, for larger or denser filter advect'sm ould be suppressed at

the core by this mechanism.

B. Constrained scaling of 7, &L

We know from Eq. (28) that 7, 1}5/2.\% r,this scaling assumes that we can set
FE and T; independently. It may be mote natiral to constrain ourselves, as we did in the
MCMEF simulations, to hold v%, 5/T; con: 'nkt,ﬂ'ms maintaining the shape of the loss cone.
Because vpxp < E/B, this will ma X slightly reducing the favorable scaling with
temperature. (S

%

—
It is instructive to consider e{&\nge of scaling with temperature. At first, when

ion-ion collisions dominate, we ha o B2, 7. o< T?. When the temperature high enough

that neutral collisions are d 7"‘%6 scaling will degrade to 7, Til/ 2, and 7. Tf/ 2
(Eq. 41). When the temperatuge omes high enough that the ion-neutral scattering
transitions from the polarization regime to the hard-sphere regime, the scaling will further
7. 0T! (Eq. 46). Thus there will be a limit to the achievable 7,,,
1 limits on the density and dimensions of the device. For instance,
dénsities (diamond markers), increasing the temperature from
10 to 20 eV does an increase in min(7,,7.), as can be seen by the clustering
of orange a:gied nofid markers to the left of the line delineating min(7,,7.) = 1.
However, this fundamental limit should only occur at T; 2 10 eV, as long as the device does
not have 41"« L. "Bhus technological and radiative limitations are likely to constrain the
ion tempetature below the point where this degradation of favorable scaling is observed.

in Figure 6¢ at

ithout considering potential degradiation in separation efficiency, the maximum through-

put /s) once all parameters other than ion density are specified is given by (see Section
VI
\ R = 61CLY {mypi) v oLy (48)

where 7;; = v;;/n;, and we have assumed we can make v;, < v;;. Now lete =L / Ly, where
we are imagining that the mass filter function depends on a fixed geometry. Then

R =6rCL|€T;; v}, (49)
= 7.9 x 1074 CA " V2 (i) 2L TP, (50)
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This predicts that a device with the parameters of PMFX-U can process about 10 mg/s.

However, the Tf/ 2 scaling means that large throughput gains are possible by pushing to
even modestly higher temperatures; a twofold gain in temperature will lead to a five-fold
increase in throughput, and a five-fold gain in temperature to throughputs on the order of
gm/s.

Much as in the last section, this Tf/ 2 scaling will only last so long { Vii > Vin. When
Vin becomes dominant, the throughput will scale as R vfhizfijll x i.\%i;t higher
temperatures, hard-sphere ion-neutral scattering will further reduce eﬁling o Til/ 2,

Thus the general message is that raising the ion temperature only‘dramatically improves
performance so long as v;; > v;,. However, at high ionization Eq. (7) tells us
that we should continue to see strong performance gains up eV.

Figure 9 shows the comparison of maximum throughputdaccording tovEq. (50), taking
W ion temperatures
(T; < 3 eV), the throughput is near the theoretical maxiinum. At“higher temperatures, the
gradual transition to multi-bounce behavior results in lewer thtoughput compared to the
theoretical maximum (which occurs in the diﬂuSiQMa trafisport regime). However,

this model does not take into account possible degtadation in separation at higher density,
which could make it desirable to operate at lower

D. Mass filter operating regime \\

Given the desire to (a) achieve maximu Mhput and (b) minimize collisional radial
losses, while (c) avoiding excessive d turbulent diffusion, both of which tend
to increase with electron temperaturéabgve,l eV, it is clearly desirable to maintain the
plasma in a hot-ion mode, with 'KTEK.OIn general, however, helicon plasmas tend to have

t
r T

ities.

L -

electron temperatures well in excdss of the ion temperature.®72® Thus ion heating should
be a major goal of any PM p

One promising way to heat Se%pﬁ’ma is simply through the imposition of the already-
necessary radial electricfield, eithém via concentric endplates, a biased core, or (in steady
state) perhaps through wavesinduced radial diffusion. In such a system, an ion generated
approximately at resti ame would have a velocity of vgyxp in the E x B-drifting
and thus possibly a quite large thermal velocity. The electrons would

receive m. /m; le: ne‘fgy, a negligible quantity in comparison. Thus in principle it would be
possible to maintain

gram.

| >,fe. Such a temperature ordering has been observed, for instance,
in rotating rhirror, machines.?*
f re areseveral caveats. First, it is generally difficult and perhaps impossible

in a/plasma at vgyxp such that %mw%xB is greater than the ionization energy

ergies (J > 10 eV), the ionization energies of fission products tend to fall
eV/ange, resulting in a fairly low upper limit for temperature.

the;s the electron and ion temperatures could be the same.

S “XI. CONCLUSIONS

By considering an idealized model of a plasma mass filter, we have identified several
dimensionless parameters, Tas, 7., Tn, and 75 (see Table III), which should be greater
than one to ensure that collisions do not destroy effective mass filter functioning. Thus we
have provided a simple theory that can explain the radial loss behavior in realistic MCMF
simulations. We have shown that the maximum throughput of the plasma mass filter scales
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as Tis/ 2, while the 7 parameters associated with maintaining gyro-drift motion and avoiding

ion-ion and ion-neutral collisional radial losses scale with TiB/ 2, T3, and Tis/ ? respectively.

These scalings persist for v;; > vy, i.e. for T; < 10 eV. Since both radiated energy and
turbulent transport are expected to increase with the electron temperature, we conclude
that it is highly desirable to operate in a hot-ion mode, although the ability to do this may

be limited by the critical ionization velocity and electron-ion thermalization.

n

Thus a major conclusion of this work is the importance of ion heatingyfor gyro-drift
dependent mass filter designs. The low ion temperatures (T; < V‘})ttypic of helicon
plasmas simply are not conducive to either gyro-drift motion or axial*egllegtion of ion species
at the densities required for high throughput. Therefore demo the feasibility of
maintaining high ion temperatures, preferably while keeping-electren temperatures low,
should become a key component of the mass filter research ro%m.

We have also used the 7 parameters to evaluate the designwof .‘Fwﬁ‘potential upgraded
mass filter experiments. The first, PMFX-U, aimed t work at mparable densities to
the current experiment, and thus required a factor-of-1 'ncreas?in the magnetic field and
a factor-of-3 increase in the ion temperature overhe current éxperiment'®. The second
reduced collisionality by dramatically reducing thQ:lsit (by a factor of 30 for ions, and
10 for neutrals), with only a modest increase i the agfl‘aic field. The latter upgrade is
probably more technologically feasible in the short term, however it would be fundamentally
limited in throughput (Eq. 50). The former 1d require the development of technologies,
particularly for ion heating, likely to be necegsa ay in extrapolating to a prototype
high-throughput nuclear waste separatot.

()

Assuming that such ion heating is achiem current work suggests that mass filter
throughputs on the order of 3 g/s, o etricons per year, could be achievable by a mass
filter around 5 m in length. Since a typical nuclear reactor produces around 20 metric tons
of waste each year, such a devi uld*feasibly be used to separate waste on site. For a
site such as Hanford, with on the N 0* metric tons of nuclear waste, 10 such devices
would take around a decade n'up the site.

Often, the transport in open-field-line, magnetized, low-temperature plasmas is governed
by coherent fluctuation® turbulence.39 33 However, recent studies have suggested that
in heavily magnetize@ (B > 1200 G) open-field-line plasmas, turbulent transport becomes
effegt analogous to the formation of a transport barrier in the
tokamak L-H tr Thus, although the classical transport calculations here must
be regarded agfa lower bouhd on device feasibility, the suppression of turbulent transport
at high mag{e{ ; fiel
sufficient

nstraints on the parameter space for PMF operation.

‘o-two-fluid (or three-fluid, if neutrals are included) simulations should be
conducted. THese would give more detailed estimates of throughput and separation. In

minarf)oin determining the efficacy of the device. The estimates in the current paper
w.should provide a good parametric starting point for these experiments.

)
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FIGs 6. Dependence of axial (as opposed to radial) exit percentage for realistic MCMF on normal-
izeii&erpendicular transport timescales 7. and 7,, for several sets of parameters. All simulations
B =15x10" G, T. = 5 eV, u; = 231, p; = 144, and vpxp = 1.0 x 10°1/T;/20 cm/s
at the injection point. Simulations vary T; (0.5, 1, 3, 10, and 20 eV), n. (3 x 10*,1 x 10'? and
x 102 cm™?), and n,, (1 x 10™%, 1 x 10™%, 3 x 10*%, 1 x 10", and 3 x 10** cm™®). Percentages
are based on 200 trials per parameter set. Hollow circles indicate parameter sets close to those
considered in earlier studies?, and diamonds indicate parameter sets for which v, > vy. Figure
(a) ignores all the corrections from Section VIII, (b) incorporates the high-temperature corrections
due to neutral collision dominance from Section VIIIA (Eq. 41), and (c) further incorporates
high-temperature corrections due to hard-sphere ion-neutral scattering from Section VIIIB (Egs.
43 and 46). Thus Figure (a), and to a lesser extent Figure (b), are overly optimistic about some of
the high-temperature parameter sets. Incorporating all corrections, however, ensures that > 90%
of ions exit along field lines when min(7.,7,) > 1. Note that, as with the idealized MCMF, few
parameter sets with 7; < 1 eV manage to avoid massive numbers of radial exits.
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